Visual disruption early in development dramatically changes how primary visual cortex neurons integrate binocular inputs. The disruption is paradigmatic for investigating the synaptic basis of long-term changes in cortical function, because the primary visual cortex is the site of binocular convergence. The underlying alterations in circuitry by visual disruption remain poorly understood. Here we compare membrane potential responses, observed via whole-cell recordings in vivo, of primary visual cortex neurons in normal adult cats with those of cats in which strabismus was induced before the developmental critical period. In strabismic cats, we observed a dramatic shift in the ocular dominance distribution of simple cells, the first stage of visual cortical processing, toward responding to one eye instead of both, but not in complex cells, which receive inputs from simple cells. Both simple and complex cells no longer conveyed the binocular information needed for depth perception based on binocular cues. There was concomitant binocular suppression such that responses were weaker with binocular than with monocular stimulation. Our estimates of the excitatory and inhibitory input to single neurons indicate binocular suppression that was not evident in synaptic excitation, but arose de novo because of synaptic inhibition. Further constraints on circuit models of plasticity result from indications that the ratio of excitation to inhibition evoked by monocular stimulation decreased mainly for nonpreferred eye stimulation. Although we documented changes in synaptic input throughout primary visual cortex, a circuit model with plasticity at only thalamocortical synapses is sufficient to account for our observations.
Introduction
Binocular information about the visual world first converges in mammals in primary visual cortex (V1). The cortical circuitry which integrates binocular information develops normally only with requisite visual experience (Katz and Crowley, 2002; Hensch, 2004; Huberman et al., 2008) . Strabismus, a misalignment in the visual axes of the two eyes, is a disorder in humans preventing appropriate fusion of the two retinal images (Levi et al., 1979; Von Noorden and Campos, 2002; Economides et al., 2012) . Rearing animals with strabismus induced before the critical period leads to three major differences in V1 response properties. First, neurons are more monocular, responding more strongly to a stimulus presented to one eye than to the other (Hubel and Wiesel, 1965; Blakemore, 1976; Shatz et al., 1977; Löwel, 1994; Löwel et al., 1998; Engelmann et al., 2002) . Second, neurons are less disparity selective, responding more uniformly regardless of the disparity between stimuli presented simultaneously to both eyes, leading to a loss of ability to estimate object depth visually (Chino et al., 1994; Smith et al., 1997) . Third, neurons are binocularly suppressed, responding more weakly to binocular than to monocular stimulation (Sengpiel and Blakemore, 1994; Sengpiel et al., 1994) .
While the effects of strabismus on V1 neuron response properties have been extensively studied using extracellular recordings, the underlying changes in cortical circuitry remain poorly understood (Hubel and Wiesel, 1965; Blakemore, 1976; Crewther et al., 1985; Chino et al., 1994; Roelfsema et al., 1994; Sengpiel and Blakemore, 1994; Sengpiel et al., 1994 Sengpiel et al., , 2006 Fries et al., 1997; Smith et al., 1997; Schmidt et al., 2004; Ranson et al., 2012) . We accordingly performed whole-cell recordings in vivo to characterize the differences in synaptic input to V1 neurons of normal and strabismic cats. We observed that strabismus increased the monocularity of membrane potential in V1 simple cells, the first stage of visual cortical processing, but not in V1 complex cells, which receive inputs from simple cells. In strabismic animals, membrane potential and spiking responses of both simple and complex cells were less disparity selective, and no longer conveyed binocular information needed for depth perception from binocular cues. There was accompanying binocular suppression such that membrane potential and spiking responses were weaker during binocular than monocular stimulation. Estimates of excitatory and inhibitory input onto single neurons indicated binocular suppression that was not evident in synaptic excitation, but arose due to changes in the amount of excitatory and inhibitory synaptic drive: excitatory inputs were more monocular than inhibitory inputs. Although we documented changes in synaptic input in both simple and complex cells, a circuit model with plasticity at only thalamocortical synapses is sufficient to account for our observations (Khibnik et al., 2010) .
Materials and Methods
All procedures were approved by the University of Texas at Austin Institutional Animal Care and Use Committee.
Strabismus surgery. Animals were anesthetized with isoflurane (1-3%) and the medial rectus of the right eye was severed before the critical period (9 -15 d old) to induce exotropic strabismus (divergent squint; Hubel and Wiesel, 1965; Yinon and Auerbach, 1975; Chino et al., 1983 Chino et al., , 1994 Freeman and Tsumoto, 1983; Kalil et al., 1984; Löwel et al., 1998; Engelmann et al., 2002) . Exotropia was chosen over esotropia (convergent squint) for comparison with previous key studies (Hubel and Wiesel, 1965; Chino et al., 1983 Chino et al., , 1994 . Body temperature, breathing rate, blood oxygenation (SPO 2 ), and autonomic signs were continuously monitored and maintained. Antibiotic ophthalmic ointment was placed on the eye, and the animal was monitored for at least 24 h after surgery. Deviation of the right eye was checked throughout the visual critical period. Physiology measurements were made 3-24 months after surgery. Strabismus was generated in 11 animals from four litters. In two animals, severance of the medial rectus was repeated because the muscle reattached several days after the first procedure. In three litters, two animals underwent a sham procedure where the ocular muscle was left intact. The 6 sham animals were used in addition to 14 normal adult animals. Throughout the text, strabismic animals are compared to normal animals, which includes both litter-matched shams and controls that underwent no sham surgery. We combined normal and litter-matched shams because we found no difference in ocular dominance or disparity selectivity between these two groups.
Physiology. Experiments were performed as described previously using anesthetized, paralyzed female and male cats (2-5 kg; Priebe and Ferster, 2006) . Anesthesia was induced with ketamine (5-15 mg/kg) and acepromazine (0.7 mg/kg), followed by intravenous administration of a mixture of propofol and sufentanil (Yu and Ferster, 2010) . Once a tracheotomy was performed, the animal was placed in a stereotaxic frame for the duration of the experiment. Recording stability was increased by suspending the thoracic vertebrae from the stereotactic frame and performing a pneumothoracotomy. Eye drift was minimized with intravenous infusion of vecuronium bromide. Anesthesia was maintained during the course of the experiment with continuous infusion of propofol and sufentanil (6 -9 mg/kg/hr and 1-1.5 g/kg/hr, respectively). Body temperature (38.3°C), electrocardiogram, EEG, CO 2 , blood pressure, and autonomic signs were continuously monitored and maintained. The nictitating membranes were retracted using phenylephrine hydrochloride and the pupils were dilated using topical atropine. Contact lenses were inserted to protect the corneas. Supplementary lenses were selected by direct ophthalmoscopy to focus the display screen onto the retina.
Extracellular recordings. Extracellular electrodes (1-2 M⍀; MicroProbes for Life Sciences) were advanced into primary visual cortex (cat, area 17, ϳ2 mm lateral of midline) with a motorized drive (MP-285; Sutter Instrument). After the electrode was in place, warm agarose solution (2-4% in normal saline) was placed over the craniotomy to protect the surface of the cortex and reduce pulsations. Action potentials were identified using a dual window discriminator (Bak Electronics, DDIS-1). The time of action potentials and raw extracellular traces were recorded for later analysis.
Whole-cell recordings. Blind whole-cell recordings were obtained in vivo (Pei et al., 1991; Ferster and Jagadeesh, 1992; Margrie et al., 2002) . As a reference electrode, a silver/silver chloride wire was inserted into muscle near the base of the skull and covered with 4% agarose in normal saline to reduce changes in the surrounding fluid and concomitant changes in associated junction potentials. The potential of the CSF was assumed to be uniform and equal to that of the reference electrode. Pipettes (8 -12 M⍀) were pulled from 1.2 mm outer diameter, 0.7 mm inner diameter KG-33 borosilicate glass capillaries (King Precision Glass) on a P-2000 micropipette puller (Sutter Instrument) to record from neurons 250 -850 m below the cortical surface. To record membrane potential and spike responses, pipettes were filled with the following (in mM): 135 K-gluconate, 4 NaCl, 0.5 EGTA, 2 MgATP, 10 phosphocreatine disodium, and 10 HEPES, pH adjusted to 7.3 with KOH (SigmaAldrich). Current-clamp recordings were performed with a MultiClamp 700B patch-clamp amplifier (Molecular Devices). Current flow out of the amplifier into the patch pipette was considered positive. Resting membrane potentials ranged from Ϫ50 to Ϫ80 mV. Series resistances ranged from 30 to 100 M⍀.
Stimuli. Visual stimuli were generated by a Macintosh computer (Apple) using the Psychophysics Toolbox (Brainard, 1997; Pelli, 1997) for Matlab (Mathworks) and presented dichoptically using two Sony video monitors (GDM-F520) placed 50 cm from the animal's eyes. The video monitors had a noninterlaced refresh rate of 100 Hz and a spatial resolution of 1024 ϫ 768 pixels, which subtended 40 ϫ 30 cm (44 ϫ 34°in cat). The video monitors had a mean luminance of 40 cd/cm 2 . Drifting grating stimuli were presented for 4 s, preceded and followed by 250 ms blank (mean luminance) periods. Spontaneous activity was measured with blank periods interleaved with drifting grating stimuli and lasting the same duration. We characterized stimulus orientation, spatial frequency (0.20 -1.0 cycles/degree), spatial location, and size (0.5-2°diam-eter) best evoking a response in the eye that elicited the strongest response. Upon isolating a neuron, stimulus parameters were coarsely mapped manually and then fine-tuned after systematic measurements of orientation and spatial selectivity. Binocular stimuli were presented dichoptically using the preferred stimulus parameters at 2-4 Hz temporal frequency and 90% contrast. A mirror was placed directly in front of the contralateral eye to reflect receptive field locations onto a separate monitor. The angle and location of the mirror was adjusted to avoid occlusion of the field of view for the ipsilateral eye. To measure binocular interactions we systematically changed the spatial phase of one grating while holding the spatial phase of the other grating constant (Ohzawa and Freeman, 1986a,b) . Relative phase disparities used ranged from Ϫ180 to 135°. All binocular and monocular stimuli were presented during the same block and pseudorandomly interleaved.
Analysis. To compare estimates of subthreshold membrane potential and suprathreshold spikes, raw records were low-pass filtered with a cutoff at 100 Hz to remove spikes. Spikes were identified on the basis of the larger deflections in membrane potential. Spiking (from extracellular and intracellular records) and membrane potential responses for each stimulus were cycle averaged across trials following removal of the first cycle. The Fourier transform was used to calculate the mean (F 0 ) and modulation amplitude (F 1 ) of each cycle-averaged response. Simple and complex cells were separated by computing the modulation ratio (F 1 /F 0 ) for spiking responses to the preferred monocular stimulus; neurons with modulation ratios larger than 1 are considered simple. Peak responses were defined as the sum of the mean and modulation (F 0 ϩ F 1 ). All peak responses are reported after subtraction of the mean spontaneous activity. Mean spontaneous activity for spiking activity and membrane potential fluctuations were measured during blank (mean luminance) periods. Error bars represent SEM unless otherwise indicated. Excitatory and inhibitory conductances were estimated as described previously (Anderson et al., 2000a) .
In normal animals, we preformed a total of 69 extracellular recordings (simple, 32; complex, 37) and 76 intracellular recordings (simple, 52; complex, 24) . In strabismic animals, we preformed a total of 113 extracellular recordings (simple, 42; complex, 71) and 79 intracellular recordings (simple, 48; complex, 31) . A subset of intracellular records exhibited little or no spiking activity, and these records were used for analysis of only subthreshold membrane potential. Nonspiking neurons are those from which visual stimulation did not evoke spiking responses; however, these neurons did have the capacity to elicit action potentials, as verified with current injection. Intracellular records with sufficient spiking activity were identified as having a peak response of more than spikes per second to the preferred stimulus. In normal animals, 52 of 76 intracellular records had sufficient spiking responses (simple, 38; complex, 14) , and in strabismic animals, 57 of 79 intracellular records had sufficient spiking responses (simple, 42; complex, 15) .
To describe the nonlinear transformation between membrane potential and spike rate, we modeled the threshold nonlinearity by fitting the relationship between trial-averaged membrane potential and spike rate with a power law nonlinearity (Anderson et al., 2000b; Hansel and van Vreeswijk, 2002; Miller and Troyer, 2002; Priebe et al., 2004) :
where R is spike rate, V m is trial-averaged membrane potential, V rest is resting membrane potential, and the subscript ϩ indicates rectification (r ϭ 0 for V m Ͻ V rest ). The power law nonlinearity accounts for the effect of trial-to-trial variability by smoothing the threshold-linear relationship between mean membrane potential and mean spike rate (Anderson et al., 2000b) .
Statistics. Mann-Whitney tests were two sided. Welch's t tests were two sided and used only on distributions that were Gaussian, as judged by the Lilliefors test ( p Ͼ 0.05).
Results
To characterize changes in synaptic input onto V1 neurons associated with strabismus during development, we obtained wholecell patch-clamp recordings in vivo (Pei et al., 1991; Ferster and Jagadeesh, 1992; Margrie et al., 2002 ) from cats after artificially inducing exotropic strabismus before the critical period of visual cortex development, and compared those with recordings from litter-matched control animals and normal animals (Hubel and Wiesel, 1965; Chino et al., 1983 Chino et al., , 1994 ; see Materials and Methods).
Ocular dominance of membrane potential and spike rate
We first verified that our procedure for inducing an ocular misalignment produced the changes in V1 spike rate ocular dominance found previously (Hubel and Wiesel, 1965; Yinon and Auerbach, 1975; Chino et al., 1983 Chino et al., , 1994 Freeman and Tsumoto, 1983; Kalil et al., 1984; Löwel et al., 1998; Engelmann et al., 2002) , by obtaining extracellular recordings in the strabismic animals and their litter-matched controls. Dichoptic stimulus presentation was used to identify the dominant eye for each neuron, after which we then characterized orientation selectivity, spatial frequency tuning, and receptive field location (see Materials and Methods; Ohzawa and Freeman, 1986a,b) .
We characterized the ocular dominance of subthreshold (membrane potential) and suprathreshold (spiking) responses in V1 neurons of normal and strabismic animals, using optimal drifting gratings presented to each eye separately (Fig. 1A-D) . We quantified ocular dominance profiles with an ocular dominance index (ODI):
The ocular dominance index for spike rate (ODI spk ) in normal animals, which includes data from both intracellular and extracellular recordings, is characterized by a uniform distribution (Fig. 1E, right) . In strabismic animals, however, the ODI spk distribution is peaked at high and low values, indicating markedly decreased binocularity, with many neurons spiking in response only to stimuli presented to one eye (Fig. 1G, right) . The ODI spk distributions for normal and strabismic animals are similar to those reported previously (Hubel and Wiesel, 1965; Chino et al., 1994) . A complete loss of spiking responses to stimulation of one eye indicates a loss of synaptic input from that eye, but latent inputs may persist that evoke only subthreshold responses. To uncover the extent of synaptic changes that occur in strabismic animals, we examined the ocular dominance of the membrane potential for individual V1 neurons. Membrane potential ocular dominance was different between strabismic and normal animals. The ODI Vm distribution was peaked at 0 in normal animals ( Fig. 1E ), but was flat in strabismic animals (Fig. 1G ). The distribution of ocular dominance for membrane potential was also significantly different than that of the spike responses (Fig. 1E,G) . In both normal and strabismic animals, membrane potential responses were more binocular than spike rate, as shown by the increased number of neurons with ODI Vm values near 0 relative to ODI spk . The membrane potential records thus indicate that a total loss in spiking responses to stimulation of one eye is undergirded by only a partial loss of synaptic input.
Apart from changes in synaptic input, additional factors such as differences in intrinsic properties could play a role in the spike rate ocular dominance shift caused by strabismus. We did not, however, find a statistically significant change in the resting membrane potential between V1 neurons in normal and strabismic animals (normal, V rest ϭ Ϫ61.6 Ϯ 9.7 mV, n ϭ 76; strabismic, V rest ϭ Ϫ60.7 Ϯ 8.6 mV, n ϭ 79; mean Ϯ SD, p Ͼ 0.30, Welch's t test). We also measured the nonlinear relationship between membrane potential and spike rate using a power-law fit (Priebe et al., 2004) for intracellular records with sufficient spiking activity (see Materials and Methods) and did not find a difference in the fit exponent between V1 neurons in normal and strabismic animals (normal, p ϭ 3.0 Ϯ 0.9, n ϭ 52; strabismic, p ϭ 2.9 Ϯ 1.2, n ϭ 57; mean Ϯ SD, p Ͼ 0.25, Welch's t test). The relationships between ODI Vm and ODI spk in normal and strabismic animals were also similar, consistent with the transformation of membrane potential into spike rate being unaffected by strabismus (Fig. 1 F, H; Priebe and Ferster, 2008; Priebe, 2008) . Differences in ocular dominance between normal and strabismic animals thus depend mainly on changes in synaptic input.
Because the ODI distributions are approximately symmetric around 0 in normal and strabismic animals (Fig. 1 E, G) , it is also convenient to use a monocularity index (MI), defined as the absolute value of ODI. The MI is 0 when equal responses are elicited from both eyes; the MI is 1 when responses are evoked by only one eye. We found that membrane potential was more binocular in normal (mean MI Vm , 0.33 Ϯ 0.24 SD; n ϭ 76) than in strabismic animals (mean MI Vm , 0.64 Ϯ 0.34 SD; n ϭ 79; mean Ϯ SD; p Ͻ 0.001, Mann-Whitney test). The same trend was evident in spike rate from extracellular records and intracellular records with spikes (normal MI spk , 0.53 Ϯ 0.35, n ϭ 121; strabismic MI spk , 0.68 Ϯ 0.33, n ϭ 170; mean Ϯ SD; p Ͻ 0.001, Mann-Whitney test). Because normal animals included litter-matched sham controls and non-litter-matched, nonsham animals, we compared MI from spiking records from extracellular records and intracellular records with spikes in each group; we found no statistical difference (mean MI spk , 0.48 Ϯ 0.36 SD, n ϭ 56; mean MI spk , 0.57 Ϯ 0.34 SD, n ϭ 65; p ϭ 0.14, Mann-Whitney test).
Strikingly, the increase in monocularity due to strabismus depended on neuron type. Simple cells are primarily found in layer 4 of V1, receive direct input from the lateral geniculate nucleus, and modulate in response to drifting gratings ( Fig. 2 A, B ; Skottun et al., 1991; Hirsch et al., 1998; Priebe et al., 2004; Martinez et al., 2005) . Simple cells in strabismic animals exhibited a large increase in membrane potential monocularity (normal MI Vm , 0.35 Ϯ 0.25, n ϭ 52; strabismic MI Vm , 0.62 Ϯ 0.33, n ϭ 48; mean Ϯ SD; p Ͻ 0.001, Mann-Whitney test). In contrast, complex cells, which are typically found in superficial and deep layers of V1 and have stimulus-evoked responses that are dominated by an unmodulating component (Fig. 2C,D) , exhibited only slight changes in membrane potential ocular dominance (normal, MI Vm , 0.30 Ϯ 0.20, n ϭ 24; strabismic, MI Vm , 0.40 Ϯ 0.27, n ϭ 31; mean Ϯ SD; p ϭ 0.17, Mann-Whitney test).
A difference in monocularity between simple and complex cells was also seen in spike rate. Spike rate monocularity shifts were larger in simple cells across extracellular records and intracellular records with spikes (normal, MI spk , 0.62 Ϯ 0.34, n ϭ 70; strabismic, MI spk , 0.83 Ϯ 0.26, n ϭ 84; mean Ϯ SD; p Ͻ 0.001, Mann-Whitney test) than in complex cells (normal, MI spk , 0.41 Ϯ 0.33, n ϭ 51; strabismic, MI spk , 0.54 Ϯ 0.33, n ϭ 86; mean Ϯ SD; p ϭ 0.028, Mann-Whitney test), which was also observed previously (Chino et al., 1988 (Chino et al., , 1994 . We detected a monocularity shift in the spike responses, but not the membrane potential responses of complex cells, because the nonlinearity relating spike rate and membrane potential acts to enhance small differences in membrane potential responses (Priebe and Ferster, 2008; Priebe, 2008;  Fig. 1 F, H ) . Our measurements of spiking responses from intracellular and extracellular records corroborate previous reports that complex cell spiking responses are more binocular than those of simple cells in both normal and strabismic cat V1 ( p ϭ 0.002 and p ϭ 0.001, respectively; MannWhitney test; Chino et al., 1988 Chino et al., , 1994 . Heightened binocularity in complex cells might account for the more subtle change in spiking monocularity we observed. Nonetheless, a clear loss of binocular spiking responses in complex cells is evident in strabismic animals, while binocularity of subthreshold inputs remains unchanged (Fig. 2) . Simple cells receive most of their input from the thalamus, but complex cells receive input mainly from other cortical neurons (Ferster et al., 1996; Chung and Ferster, 1998) . Accordingly, the dramatic increase in simple cell monocularity apparent in membrane potential responses and the subtle change in complex cell monocularity apparent only in spike rate are consistent with strabismus driving synaptic plasticity primarily at thalamocortical synapses.
These results indicate that a dramatic increase in the monocularity of simple cells accompanies strabismus. This enhanced monocularity, however, is not accompanied by a hyperpolarization elicited by stimulation of the nonpreferred eye. Across monocular simple and complex cells (MI Vm Ͼ 0.75) the mean cycle-averaged response to the nonpreferred eye was Ϫ0.17 Ϯ 1.20 mV (mean Ϯ SD), and in only 7 of 24 neurons were responses significantly hyperpolarized relative to the resting membrane potential (bootstrap analysis; Sokal and Rohlf, 1995) . Since these values are near zero, membrane potential responses are very near rest during blank periods and constitute effectively no sensory response. Therefore it does not appear that strabismus induces an inhibitory antagonism between neurons selective for the opposite eyes.
Our measurements of peak responses are calculated after removing the response to the first stimulus cycle, as we attempted to analyze steady-state responses and ascertain receptive field properties. It is possible, however, that the initial transient component of neuron response conveys important visual information (Celebrini et al., 1993; Gawne et al., 1996; Müller et al., 2001; Reich et al., 2001; Frazor et al., 2004; Palmer et al., 2007; Chen et al., 2008; Shriki et al., 2012) . We examined whether including the first response cycle or using only the first response cycle changed our MI measurements, particularly in complex cells that are phase insensitive. Across all measurements of membrane potential and spiking responses in both simple and complex cells from either control or strabismic animals, inclusion of the first cycle did not significantly change measurements of MI ( p Ͼ 0.40, Mann-Whitney test). Using only the first response cycle also did not alter MI across all records ( p Ͼ 0.10, Mann-Whitney test).
An additional factor that may bias our results is the side of the brain recorded from relative to the deviated eye. The majority of our records are from the left hemisphere, the side contralateral to the deviated eye, but we obtained records from both hemispheres. In both hemispheres, a bimodal distribution of ODI was present for spike rate (Hartigan's dip test, p Ͻ 0.05). The monocular indices for both the right and left hemispheres of strabismic animals were significantly higher than the monocular indices in normal animals, but the indices between left and right hemispheres were not significantly different from one another (median MI spk , 0.68 and 0.82, respectively; rank-sum test). Because we find no significant differences in ocular dominance patterns between hemispheres, the data from both hemispheres have been grouped together.
Binocular integration and disparity selectivity
Thus far we have only described V1 neuron responses to stimuli presented separately to each eye, but normally V1 neurons integrate binocular signals to extract information about the depth of objects in the world (Ohzawa et al., 1990; DeAngelis et al., 1991; Cumming and Parker, 1997; Cumming and DeAngelis, 2001 ). In normal animals, V1 neurons signal object depth through their selectivity for disparity, the spatial difference between right and left eye images. To determine how strabismus alters this binocular integration, we measured disparity selectivity by systematically varying the phase difference between drifting gratings presented dichoptically (Ohzawa and Freeman, 1986a,b) . In normal animals, simple cells show membrane potential and spiking responses that depend on stimulus disparity. In cycleaveraged responses from an example neuron (Fig. 3A) , the preferred disparity (270°phase difference) evoked large membrane potential fluctuations, while the null disparity (90°phase difference) evoked little change in membrane potential. A similar pattern of disparity selectivity was observed in the spike rate of neurons (Fig. 3A) . The large fluctuations at the preferred disparity suggest a phase alignment of ocular inputs. Plotting peak subthreshold and suprathreshold responses (F1 ϩ DC; see Materials and Methods) shows response modulation by binocular phase differences and binocular responses that were much stronger than the response to either eye alone (Fig. 3A, bottom) . To quantify response selectivity for binocular phase difference, we computed a disparity selectivity index (DSI; Swindale, 1998; Ringach et al., 2002; Scholl et al., 2013) :
Although membrane potential was tuned to similar disparities as spiking responses in normal animals, DSI values were greater for spike rate than membrane potential (DSI Vm , 0.18; DSI spk , 0.46; Fig. 3A, bottom) . This difference is a consequence of the membrane potential-to-spike rate transformation that has also been shown to enhance orientation tuning, direction selectivity, and ocular dominance (Priebe and Ferster, 2008) .
Simple cells in strabismic animals exhibited a loss of disparity selectivity in membrane potential and spike rate. There was a lack of disparity tuning ( Fig. 3B ; DSI Vm , 0.05; DSI spk , 0.07) even in the few simple cells that maintained binocular membrane potential responses ( Fig. 3B ; MI Vm , 0.37; MI spk , 0.52). In addition, most binocular responses for membrane potential and spike rate were smaller than responses to stimulation of the preferred eye. Across all simple cell intracellular records from strabismic and normal animals, we found a systematic decrease of DSI in membrane potential and spiking responses (Fig. 4A) . DSI values for membrane potential were modest (normal, DSI Vm , 0.12 Ϯ 0.08, n ϭ 52; strabismic, DSI Vm , 0.09 Ϯ 0.08, n ϭ 48; mean Ϯ SD), but the decrease in DSI was statistically significant ( p ϭ 0.05, MannWhitney test). A decrease in disparity sensitivity was also evident in spiking responses across extracellular and spiking-intracellular records (normal, DSI spk , 0.35 Ϯ 0.18, n ϭ 70; strabismic, DSI spk , 0.24 Ϯ 0.18, n ϭ 84; mean Ϯ SD; p Ͻ 0.001, Mann-Whitney test).
Similar changes in disparity selectivity were observed in V1 complex cells. In normal animals, complex cell membrane potential and spike rate responses were disparity selective. In an example neuron (Fig. 3C) , few membrane potential modulations are evident compared to simple cells. Instead, large DC (mean) de- Figure 3 . Binocular disparity selectivity of membrane potential and spiking responses in primary visual cortex. A, Simple cell cycle-averaged responses to a random sequence of eight binocular phase combinations of optimal drifting gratings presented dichoptically (top), shown for subthreshold membrane potential and evoked spiking responses. Binocular stimuli were interleaved with monocular stimulation (gray shading) and a blank (mean-luminance) period. This example simple cell has a preferred binocular phase difference of 270°, evident in the large membrane potential fluctuations and strong modulation of spiking responses. Responses at the preferred disparity can be larger than responses from the stimulation of either eye alone, particularly for evoked spiking activity. Little response was evoked at the null phase (90°). The full extent of disparity tuning plotted for membrane potential (purple) and spiking (red) peak responses (F1 ϩ DC; bottom) is shown. The mean and SE are shown for binocular (circles) and monocular (squares) conditions. Solid curves are sine-wave fits used to illustrate disparity tuning. Strong modulation of peak responses by different disparities is reported by a vector strength index (DSI). B, Same as in A for simple cell recorded in a strabismic animal. Despite strong membrane potential fluctuations and spiking responses evoked by stimulation of either eye (gray), simple cells were not disparity tuned. Peak responses plotted across all disparities also show suppression in during binocular stimulus conditions (bottom). C, Same as in A for an example complex cell. D, Same as in B for a complex cell. Binocular suppression and lack of disparity tuning in membrane potential and spiking responses is evident for both cycle-averaged responses and tuning curves. LE, Left eye; RE, right eye.
polarizations shape disparity preference and underlie selectivity observed in spiking responses. For example, the membrane potential at the null phase (135°) is only slightly larger than the nonpreferred eye (ϳ4 mV), while at the preferred phase (315°) the subthreshold response is much larger (ϳ10 mV). As with simple cells, the preferred disparity of membrane potential and spike rate were matched, but the disparity selectivity was greater for spike rate (DSI Vm , 0.19; DSI spk , 0.34). Complex cells from strabismic animals, like simple cells, were weakly disparity selective (Fig. 3D) . Across all complex cell records, strabismus caused a large decrease in spike rate disparity selectivity (normal, DSI spk , 0.23 Ϯ 0.14, n ϭ 51; strabismic, DSI spk , 0.15 Ϯ 0.13, n ϭ 86; mean Ϯ SD; p Ͻ 0.001, Mann-Whitney test; Fig. 4B ). There was, however, no significant difference in DSI Vm (normal, DSI Vm , 0.08 Ϯ 0.06, n ϭ 24; strabismic, DSI Vm , 0.12 Ϯ 0.09, n ϭ 31; mean Ϯ SD; p ϭ 0.16, Mann-Whitney test; Fig. 4B ).
Since we removed responses to the first stimulus cycle, which could potentially contain important sensory information in complex cells, which are phase insensitive, we also examined DSI in responses to the first stimulus cycle. Similar to measurements of MI, this did not change our results for subthreshold or suprathreshold responses. Complex cells from normal animals were significantly more selective for disparity than those from strabismic animals (median DSI, 0.22 and 0.15, respectively; p ϭ 0.02, Mann-Whitney test). Although DSI values were higher for membrane potential, there was, again, no difference between normal and strabismic animals (median DSI, 0.13 and 0.16, respectively; p ϭ 0.20, Mann-Whitney test). Response suppression by binocular stimulation, relative to the response to monocular stimulation, was evident in many records (Fig. 3 B, D) and will be discussed in detail below. This suppression suggests that factors aside from a mismatch of excitatory inputs from each eye are involved in the changes to cortical circuitry associated with strabismus (Levi et al., 1979; Sengpiel and Blakemore, 1994; Sengpiel et al., 1994 Sengpiel et al., , 2006  Fig. 4 A, B) .
We have thus far described mainly the average effects of strabismus. There was, however, considerable diversity in the effects of our procedure for inducing strabismus on the degree of monocularity and disparity in different animals. The range of DSI values observed (0 -0.75) was similar between normal and strabismic animals (Fig. 4 A, B) . Although MI and DSI values calculated for each animal overlapped for strabismic and control animals, when MI and DSI were considered separately, there was minimal overlap when both MI and DSI were jointly considered (Fig. 5) . In each litter there were at least several strabismic animals with large differences in MI and DSI from control animals, indicating that the within-litter variability was as large as that across litters. We do not know if the variability was due to differences in our procedure for inducing strabismus or to variability in environmental and genetic factors.
We have focused on the degree of binocular selectivity in normal and strabismic animals, but strabismus could also alter the response amplitude of neurons. We therefore examined the peak spiking activity and membrane potential responses from records in each population. In normal animals, spiking responses to the preferred binocular stimulus were greater than to the preferred eye in simple cells (20.2 Ϯ 21.4 spikes/s and 14.9 Ϯ 2.0 spikes/s, respectively; n ϭ 70; mean Ϯ SD; p ϭ 0.05, Mann-Whitney test). This trend was not significant for complex cells (binocular, 15.8 Ϯ 17.1 spikes/s; monocular, 12.4 Ϯ 4.7 spikes/s; n ϭ 51; mean Ϯ SD; p ϭ 0.40, Mann-Whitney test); however, membrane potential responses at the preferred binocular phase for complex cells were significantly larger than those evoked by the preferred eye (7.8 Ϯ 2.8 mV and 6.5 Ϯ 9.3 mV, respectively; n ϭ 24; mean Ϯ SD; p ϭ 0.05, Mann-Whitney test). Simple cell subthreshold responses showed a similar trend (binocular, 10.3 Ϯ 4.8 mV; monocular, 9.2 Ϯ 4.7 mV; n ϭ 52; mean Ϯ SD; p ϭ 0.29, Mann-Whitney test). In contrast to normal animals, suprathreshold and subthreshold records from strabismic animals showed no differences in both simple (spikes, binocular, 17.6 Ϯ 16.7 spikes/s; monocular, 17.9 Ϯ 7.1 spikes/s; n ϭ 84; mean Ϯ SD; p ϭ 0.86, Mann-Whitney test; membrane potential, binocular, 10.7 Ϯ 5.5 mV; monocular, 10.5 Ϯ 5.4 mV; n ϭ 48; mean Ϯ SD; p ϭ 0.75, Mann-Whitney test) and complex cells (spikes, binocular, 11.4 Ϯ 13.1 spikes/s; monocular, 11.8 Ϯ 12.1 spikes/s; n ϭ 86; mean Ϯ SD; p ϭ 0.87, Mann-Whitney test; membrane potential, binocular, 6.7 Ϯ 4.4 mV; monocular, 6.5 Ϯ 4.3 mV; n ϭ 31; mean Ϯ SD; p ϭ 0.70, Mann-Whitney test). The increase in peak binocular responses in normal animals, but not strabismic animals, is expected given the loss of disparity selectivity and evidence for binocular response suppression.
Relationship between ocular dominance and disparity selectivity Strabismus alters both ocular dominance and disparity selectivity, but it is not clear whether a single mechanism can account for these changes. Establishing a link between disparity selectivity and ocular dominance has remained difficult (LeVay and Voigt, 1988; Chino et al., 1994; Read and Cumming, 2004) , suggesting that these two changes may reflect multiple circuit changes. On the other hand, for a neuron to be disparity selective, it must receive input from both eyes. This requirement was insufficient to enforce a relationship between spiking ocular dominance and spiking disparity selectivity (Fig. 4C,F However, a relationship between monocularity and disparity selectivity at the level of synaptic input can be obscured by the threshold nonlinearity (Priebe and Ferster, 2008) . We therefore compared membrane potential monocularity (MI Vm ) to disparity selectivity based on spiking (DSI spk ) and membrane potential responses (DSI Vm ). Simple cells from normal animals showed a significant correlation between MI Vm and DSI spk (mean PCA slope, Ϫ0.59 Ϯ 0.09; n ϭ 38; bootstrapped SE), and MI Vm and DSI Vm (mean PCA slope, Ϫ0.15 Ϯ 0.04; bootstrapped SE; Fig.  4 D, E, blue) . These correlations demonstrate that disparity selectivity in simple cells depends strongly on the amount of binocular synaptic input a neuron receives. Surprisingly, these trends were also found in strabismic animals ( Fig. 4C-E, green) . Simple cells in strabismic animals showed a significant correlation between MI Vm and DSI spk (mean PCA slope, Ϫ0.48 Ϯ 0.08; n ϭ 42; bootstrapped SE) and MI Vm and DSI Vm (mean PCA slope, Ϫ0.15 Ϯ 0.03; bootstrapped SE). In contrast, complex cells showed no significant relationship between subthreshold input and disparity sensitivity in either strabismic or normal animals ( Fig. 4F-H ) . The relationships between DSI Vm and DSI spk in normal and strabismic animals were similar (Fig. 6) , consistent with differences between normal and strabismic animals being driven by changes in synaptic input.
The similar relationship between monocularity and disparity tuning for normal and strabismic animals suggests that simple cells in strabismic animals have the potential to be disparity selective if provided with substantial binocular input. The link we established between disparity selectivity and monocularity indicates that the same mechanism could account for the changes in both response properties of simple cells, and is consistent with plasticity of simple cell inputs occurring mainly at thalamocortical synapses, with remaining binocular inputs generating disparity selectivity in the expected manner.
Suppression of binocular responses and synaptic inhibition
We frequently observed response suppression during binocular stimulation in records from strabismic animals. Suppression was evident both in neurons that received binocular synaptic input (Fig. 3B ) and in those that were monocular (Fig. 3D) , indicating not only a disruption of binocular integration, but a possible neural mechanism for quenching binocular information in visual cortex. To quantify suppression, we measured binocular response Gain:
Gain is defined as a logarithmic ratio of the sum of disparity tuning mean and modulation divided by the peak response to the preferred eye (see Materials and Methods). Gain Ͻ0 indicates that the peak binocular response is less than the response to preferred eye stimulation alone. Gain Ͼ0 indicates binocular responses are greater than the preferred monocular response. Many V1 simple and complex cells from normal animals have binocular membrane potential and spike rate responses that are greater than those evoked by stimulation of either eye alone (Fig.  7 A, B) . These correspond to large gain values ( Fig. 7A; gain Vm , ϩ0.28; gain spk , ϩ0.81). In contrast, neurons from strabismic animals had binocular responses smaller than those evoked by the preferred eye (Fig. 7C,D; gain Vm , Ϫ0.09; gain spk , Ϫ0.23). Simple and complex cells exhibiting subthreshold and suprathreshold binocular suppression (gain Ͻ 0) were more prevalent in strabismic animals than in normal animals ( Fig. 7 E, F ) . The proportion of simple cells displaying binocularly suppressed membrane potential and spike rate responses was larger in strabismic animals (membrane potential strabismic, 40%; normal, 25%; spike rate strabismic, 37%; normal, 19%). For complex cells, the proportion of neurons demonstrating suppression was also more pronounced in strabismic animals (membrane potential strabismic, 45%; normal, 10%; spike rate strabismic, 47%; normal, 22%).
Increased binocular suppression caused by strabismus was also reflected in average gain values for subthreshold responses in simple and complex cells (Fig. 7 E, G) that were smaller in strabismic animals (simple strabismic, 0.02 Ϯ 0.10, n ϭ 48; normal, 0.10 Ϯ 0.12, n ϭ 52; mean Ϯ SD, p ϭ 0.004; complex strabismic, 0.06 Ϯ 0.15, n ϭ 31; normal, 0.08 Ϯ 0.08, n ϭ 24; mean Ϯ SD, p ϭ 0.10; Mann-Whitney test). Average gain values for spiking responses from extracellular records and intracellular records with spikes were also smaller in strabismic animals (Fig. 7 F, H; simple strabismic, 0.12 Ϯ 0.26, n ϭ 84; normal, 0.32 Ϯ 0.38, n ϭ 70; mean Ϯ SD, p ϭ 0.001; complex strabismic, 0.06 Ϯ 0.26, n ϭ 86; normal, 0.23 Ϯ 0.35, n ϭ 51; mean Ϯ SD, p ϭ 0.001, MannWhitney test).
Given a clear increase in binocular suppression, we asked whether these neurons showed antagonism between the two eyes that may be revealed by monocular stimulation. Similar to the increased monocularity induced by strabismus, binocular suppression was not accompanied by hyperpolarization evoked by the nonpreferred eye. Suppressed neurons from strabismic animals (gain Vm Ͻ 0) had small depolarizing responses from stimulation of the nonpreferred eye (mean, 1.5 Ϯ 2.3 mV, SD; n ϭ 32). However, simple and complex cell responses were different. Simple cells with binocular suppression had nonpreferred eye responses which were much closer to spontaneous activity, and less than that of complex cells (simple, 0.96 Ϯ 2.3, n ϭ 19; complex, 2.4 Ϯ 2.1, n ϭ 13; mean Ϯ SD; p ϭ 0.02, MannWhitney test). The difference in strength of nonpreferred eye input between simple and complex cells might reflect differences in monocularity (Fig. 2) . Despite these differences, nonpreferred eye responses from both simple and complex cells indicate that binocular suppression cannot be predicted by a linear summation of right and left eye membrane potential responses. These membrane potential records suggest that synaptic inhibitory mechanisms, activated by binocular stimulation, may contribute to suppression induced by strabismus.
Synaptic inhibition has been the hypothesized cause of binocular suppression (Levi et al., 1979; Sengpiel and Blakemore, 1994; Sengpiel et al., 1994) . Pharmacological experiments have provided strong evidence that inhibition underlies binocular suppression (Sengpiel et al., 2006) . However, as the pharmacological agent in those experiments caused a large and widespread increase in spike rates, the experiments were unable to rule out that a loss of binocular suppression was due to a global increase in neuronal excitability (Sengpiel et al., 2006) . We therefore sought a complementary test of the hypothesis by estimating excitatory and inhibitory inputs to single neurons without drastically affecting spike rates of surrounding neurons. In a few neurons, we estimated excitatory and inhibitory inputs from membrane potential responses recorded at different levels of injected current (Borg-Graham et al., 1998; Hirsch et al., 1998; Anderson et al., 2000a) .
In neurons from normal animals, membrane potential depolarization evoked by the preferred binocular stimulus was greater than for stimulation of the preferred eye alone (Figs. 3A, 7 A, B , 8A, left). Likewise, peak synaptic excitation and inhibition evoked by the binocular stimulus was greater than that evoked by monocular stimulation (Fig. 8A, middle) . A similar trend was evident across a population of neurons (n ϭ 17) from normal animals (G e , binocular, 2.00 Ϯ 1.71 nS; preferred eye, 1.19 Ϯ 1.13 nS; p Ͻ 0.05, paired t test; G i , binocular, 1.55 Ϯ 1.51 nS; preferred eye, 1.12 Ϯ 1.18 nS; p Ͻ 0.05, paired t test; n ϭ 17; mean Ϯ SD). Membrane potential, synaptic excitation, and synaptic inhibition did not exhibit binocular suppression and the ratio of excitation to inhibition was generally unchanged across stimulus conditions, yielding no significant change across our sample population whether the mean, median, or geometric mean is compared (Fig. 8A, right) . In contrast, in strabismic animals membrane potential depolarization evoked by the preferred binocular stimulus was less than that evoked by the preferred eye (Fig. 8 B, C,  left) . Conductance estimates across our small population of neurons (n ϭ 9) indicate an increase in inhibition for the preferred binocular stimulus, accompanied by little change in excitation (G e , binocular, 2.08 Ϯ 0.88 nS; preferred eye, 2.10 Ϯ 0.82 nS; p ϭ 0.97, paired t test; G i , binocular, 3.37 Ϯ 2.26 nS; preferred eye, 2.84 Ϯ 1.45 nS; p ϭ 0.31, paired t test; mean Ϯ SD). For neurons in which membrane potential measurements demonstrated binocular suppression (Fig. 8B-D) , the difference between excitation and inhibition in monocular and binocular conditions is more pronounced. For this subset of neurons (4 of 9), inhibition is dramatically increased by binocular stimulation relative to excitation (G e /G i , binocular, 0.70 Ϯ 0.26; preferred eye, 0.98 Ϯ 0.36; p Ͻ 0.05, paired t test; mean Ϯ SD; Fig. 8B-D, right) . These results suggest that inhibition is playing a direct role in producing binocular suppression. Such inhibition could be generated by an antagonism between the representations of the two eyes, in which case the eye preference for inhibition should be opposite that for excitation. Alternatively, inhibition may simply be less monocular than excitation, such that binocular stimulation drives inhibition strongly. Our estimates of excitatory conductance indicate that the eye dominance evident in membrane potential is closely related to that found in the resulting membrane potential for neurons recorded in both normal and strabismic animals ( Fig. 8E ; not significant, p ϭ 0.27, paired t test). Inhibition, in records from strabismic animals, is more binocular than either the resulting membrane potential ( Fig. 8F ; mean MI Gi , 0.33; MI Vm , 0.60; paired t test, p Ͻ 0.05) or excitation ( Fig.  8G ; mean MI Ge , 0.53), although there is considerable variability on a cell-by-cell basis. While inhibition is more binocular than excitation, it nonetheless shares overall eye preference with excitation. Therefore, the decline in the excitatory-to-inhibitory ratio observed in suppressed neurons (Fig. 8B-D) results from inhibition being more broadly tuned for eye preference and being driven better by binocular stimulation instead of an antagonism between the two eye representations. Our conductance measurements therefore suggest that increased inhibition evoked by the preferred binocular stimulus could account for binocular response suppression and facilitate the loss of binocular convergence observed in strabismic animals. These indications from our limited sample must be tested by more extensive measurements.
Discussion
Primary visual cortex is the first site of binocular integration leading to seamless visual perception and stereoscopic depth perception (Ohzawa et al., 1990; DeAngelis et al., 1991; Cumming and Parker, 1997; Cumming and DeAngelis, 2001 ). The effects of strabismus in V1 were studied previously by extracellular recording of spiking responses, leaving the underlying subthreshold . Subthreshold binocular suppression due to synaptic inhibition. A, Mean cycle-averaged membrane potential responses at two levels of current injection, excitatory (blue) and inhibitory (red) synaptic conductances, peak excitatory and inhibitory conductances, and ratio of excitation to inhibition for the preferred binocular disparity and monocular stimulation in an example neuron from the normal animal. B, C, Same as in A for binocular neurons from the strabismic animal. D, Same as in B and C for a monocular neuron. The gray dashed line represents the resting membrane potential during mean-luminance (blank) periods for each level of current injection. Conductance traces, peak values, and excitation-to-inhibition ratios are plotted as mean and bootstrapped SE. E, The ocular dominance index for the peak excitatory conductance is plotted relative to the ocular dominance index based on the peak membrane potential. Each symbol indicates a different neuron. Filled symbols indicate neurons recorded from strabismic animals, which are more monocular than neurons from normal animals, indicated by open symbols. The ocular dominance for V m was aligned such that 0 indicates binocular and 1 indicates monocular dominance for the dominant eye (either contralateral or ipsilateral). This convention for ocular dominance is followed for the ordinate as well. Negative values on the ordinate therefore indicate preference for the opposite eye. F, G, The format follows that in E, except that the ocular dominance index for inhibition is plotted relative to membrane potential (F), or inhibition is plotted relative to excitation (G). One neuron, indicated by the arrow, has a very negative ocular dominance score (Ϫ0.78). LE, Left eye; RE, right eye.
synaptic inputs unknown (Hubel and Wiesel, 1965; Blakemore, 1976; Crewther et al., 1985; Chino et al., 1994; Roelfsema et al., 1994; Sengpiel and Blakemore, 1994; Sengpiel et al., 1994 Sengpiel et al., , 2006 Fries et al., 1997; Smith et al., 1997; Schmidt et al., 2004; Ranson et al., 2012) . Using intracellular recordings, we found that strabismus increased monocularity in simple cells, but not in complex cells. Simple and complex cells both exhibited decreased disparity selectivity, and an increased occurrence of binocular suppression. Finally, our estimates of excitatory and inhibitory synaptic input onto single neurons indicate that binocular suppression was the result of an imbalance in the ratio of excitation and inhibition. Inhibition shared eye preference with excitation, but was more binocular than excitation. Inhibition therefore increased to a greater degree than excitation in response to binocular stimulation, which leads to an overall response suppression.
We outline a diagrammatic circuit model for the changes induced by strabismus based on the disparity energy model (Anzai et al., 1999a,b; Fig. 9) . In normal animals, simple cells receive thalamic excitatory input from left and right eyes (Fig. 9, left) . Net excitation from each eye is selective for spatial phase, and thus temporally modulated by sinusoidal stimuli. Disparity selectivity with binocular stimulation results because the two eyes provide correlated excitation only at a particular relative spatial phase. Complex cells receive excitatory input from multiple simple cells with a wide range of spatial phase selectivity and a narrow range of disparity selectivity, and have responses that are not temporally modulated by sinusoidal stimuli but are disparity tuned. Because simple cell inputs to complex cells do not have identical disparity selectivity, net synaptic input to a complex cell is less disparity selective than spiking responses from simple cells. Neurons in normal animals also receive synaptic inhibition that contains components with various degrees of selectivity for spatial phase (Azouz et al., 1997; Borg-Graham et al., 1998; Hirsch et al., 1998 Monier et al., 2003; Cardin et al., 2008; Nowak et al., 2008) .
In this model, strabismus causes each simple cell to lose excitatory input from one of the eyes as a result of Hebbian or Hebbian-like spike-timing-dependent plasticity (Miller et al., 1989; Song et al., 2000; Gütig et al., 2003; Fig. 9, right) . Because of the loss of excitatory input from one eye, simple cells become more monocular and less disparity tuned. Complex cells remain binocular because they receive inputs from left and right eyepreferring simple cells, but are less disparity selective because those simple cells that provide feedforward drive are less disparity tuned. Because the input to inhibitory neurons is unchanged, inhibition onto simple cells remains. The increased ratio of inhibition to excitation results in binocular suppression of simple cells. Complex cells, which receive input from simple cells, inherit simple cell binocular suppression. Suppression could be derived from binocular layer 4 inhibitory cells or from the convergence of multiple monocular inhibitory cells that span ocular preference. We therefore argue that plasticity only at thalamocortical synapses is sufficient to account for our observations. Notably, each neuron's disparity selectivity depends on the spatial selectivity of its inputs, and a variety of weights are needed to generate the full range of disparity tuning observed (Anzai et al., 1999a,b; Löwel, 2006, 2008; Jaffer et al., 2012) . In our simple model, the general nature of strabismus is the same regardless of the differences in synaptic strength, spatial selectivity, and spatial phase between inputs from each eye to each neuron. It is possible that the quantitative extent of induced changes by strabismus does depend on such initial differences, but we do not have the data to determine these dependencies. Our simple model is thus only qualitative with respect to such possible dependencies.
The plausibility of strabismus causing changes mainly at thalamocortical synapses is consistent with evidence that the thalamocortical synapse is also the site of plasticity following monocular deprivation (Khibnik et al., 2010; Wang et al., 2013) , but differs from conclusions from other groups. For example, monocular deprivation is known to induce changes in the spiking responses first of supragranular neurons and then subsequently of thalamorecipient neurons (Diamond et al., 1994; Trachtenberg et al., 2000) , indicating that plasticity emerges through cortical interactions first. One potential resolution to this apparent discrepancy is that supragranular neurons receive input from several thalamorecipient neurons and perform an effective averaging that renders weak changes in thalamorecipient neurons more visible. Furthermore, thresholding synaptic inputs in the supragranular neurons would further enhance any slight change in their subthreshold ocular dominance (Priebe and Ferster, 2008; Priebe, 2008) . Another argument against the minimal model we diagrammed is the observation of changes in the inhibitory network following monocular deprivation, as shown by changes in visual responses of inhibitory neurons (YazakiSugiyama et al., 2009) and the potentiated inhibitory synapses Figure 9 . Loss of thalamic input in circuit model of strabismus. A, Left (L) and right (R) eye inputs converge on layer 4 simple cells, generating disparity selectivity. Simple cell inputs converge onto complex cells in layer 2/3, which are also disparity selective. B, In strabismic animals, simple cells receive monocular input. A loss of binocularity causes a loss of disparity selectivity, which also occurs in complex cells through feedforward inputs. Complex cells receive inputs from simple cells and thus can be binocular. Suppression of binocular responses is mediated by inhibitory interneurons receiving input from thalamocortical inputs and simple cells. In this simple model, the strabismus-induced changes are qualitatively similar for all neurons regardless of the initial difference in synaptic strength, spatial selectivity, and spatial phase between the inputs from each eye to the neuron.
onto excitatory neurons after monocular deprivation (Maffei et al., 2004 (Maffei et al., , 2006 . The net inhibition onto excitatory neurons might be unchanged if thalamic input onto inhibitory neurons is weakened, but is compensated for by strengthened inhibitory inputs onto excitatory neurons (House et al., 2011) . Finally, the rules of plasticity responsible for such changes may be different than the simple Hebbian rule we assumed for thalamocortical synapses onto excitatory simple cells (Bell et al., 1997; McBain et al., 1999; Holmgren and Zilberter, 2001; Woodin et al., 2003; Tzounopoulos et al., 2004; Haas et al., 2006; Lu et al., 2007; Caporale and Dan, 2008; Kullmann et al., 2012) . Indeed, monocular deprivation experiments indicate that even Hebbian plasticity may be inadequate over long time scales, and changes are supplemented with homeostatic mechanisms (Mrsic-Flogel et al., 2007; Maffei and Turrigiano, 2008; Ranson et al., 2012) .
Not only is ocular misalignment a primary example of experience-dependent learning, but it is a common visual disorder found in humans. We have demonstrated profound celltype-specific changes in synaptic drive following exotropic strabismus. Along with the disruption of right and left eye integration, we also find that inhibitory interactions contribute to the loss of cortical circuitry underlying binocularity. In particular we have found that the inhibitory network associated with strabismus is not solely based on an antagonism between the eyes, but instead acts to suppress binocular integration. A common treatment to preserve cortical responses to both eyes has been to patch the stronger eye, but this may not be helpful in the recovery of stereo vision. Instead, therapies that actively engage both eyes during visual tasks result in improvements of stereo vision (Li et al., 2011 (Li et al., , 2013 . These therapies may in fact be altering the inhibitory network that has developed to prevent diplopia and thus aiding in the recovery of proper depth perception.
